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A microwave field is used to control the interaction between pairs of optical photons stored in
highly excited collective states (Rydberg polaritons). We show that strong dipole-dipole interactions
induced by the microwave field destroy the coherence of polariton modes with more than one Rydberg
excitation. Consequently single-polariton modes, which correspond to single stored photons, are
preferentially retrieved from the sample. Measurements of the photon statistics of the retrieved
light field also reveal non-trivial propagation dynamics of the interacting polaritons.
The ability to perform quantum computations with
photons is limited by weak photon-photon interactions.
Consequently, research has focused either on cavity en-
hancement of the non-linearity in both the optical [1] and
microwave domains [2], or linear optics quantum com-
puting (LOQC), where the nonlinearity comes from the
projective (and hence probabilistic) measurement of part
of the system [3].
Recently, it has been shown that large single-photon
non-linearities are also accessible without a cavity by cou-
pling optical photons to highly-excited Rydberg states
[4–9]. The potential of this emerging field of Rydberg
quantum optics is particularly promising because the
long-range character of the dipole-dipole interaction be-
tween Rydberg atoms makes it possible to achieve a non-
local optical non-linearity [10, 11]. Such a non-local inter-
action can circumvent a fundamental limitation of the lo-
cal Kerr-like optical non-linearity for all-optical informa-
tion processing [12, 13]. A promising route to all-optical
photonic processing makes use of a microwave field to
control the photon-photon interaction [18]. In this paper
we demonstrate the basis of this route by showing that
an external microwave field can modify the photon statis-
tics of an optical probe beam. The microwave control
operates by modifying the long range dipole-dipole inter-
action between photons stored as Rydberg polaritons. In
the current experiment this is manifest as a dephasing of
the polariton spin wave [17] leading to photon loss. By
changing the geometry this could be adapted to realise a
fully deterministic photonic phase gate [18].
The work described in this paper builds on results pub-
lished in reference [6], where it was shown that a mi-
crowave field can be used to control both the quantum
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FIG. 1. (Color online) Control of optical photon statistics by
an external microwave field. (a) Optical signal photons are
stored in a cold atomic cloud as Rydberg polaritons. Sub-
sequently, an external microwave field controls the state and
the interaction between neighboring polaritons. Finally the
optical field is retrieved and the second order correlation func-
tion, g(2), is analysed using two single-photon counters. The
6 µs separation between the retrieved pulses, shown in the
inset, corresponds to the repetition rate of the experiment.
(b) The normalised g(2) function of the retrieved signal as a
function of time delay, τ , between the two detectors. No mi-
crowave field is applied during the storage interval in this case.
The suppression of g(2) at τ = 0 is a consequence of dipole
blockade during the photon storage process. (c) The applica-
tion of a microwave field during the storage interval results
in significantly enhanced suppression of g(2) at τ = 0. Note
that the entire retrieved pulse has been binned for both sets
of g(2) measurements, and the g(2) functions are background
corrected using the measured signal to noise ratio [24].
state and the interaction-induced dephasing of Rydberg
polaritons. Here, through an improvement in experimen-
tal techniques that lead to increased signal photon rates,
we directly show that the photon pair correlations are
modified by the application of a microwave pulse. This
provides experimental confirmation of theoretical propos-
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2als based on the dephasing of light-induced atomic exci-
tations [17, 19, 20]. Our results also exhibit evidence
of a photon number dependent group delay, which could
potentially be used as a filtering device for Fock states
[21, 22].
We use electromagnetically induced transparency
(EIT) [14, 15] to store optical photons in Rydberg states,
which have a large principal quantum number [23]. Un-
der conditions of EIT, a medium is made transparent
to an optical signal field which would otherwise be res-
onantly scattered [25]. This is achieved by coupling the
signal field to a third, long-lived atomic level with a con-
trol field. In our system this long-lived atomic level is
a Rydberg state. The signal field creates collective Ryd-
berg excitations, known as Rydberg polaritons, which are
quasi-particles containing a mixture of photonic and ex-
citonic character [26]. The mixing between the two com-
ponents is determined by the control field intensity. Dur-
ing storage where the control field intensity approaches
zero, the polaritons are mainly atomic in nature and thus
the signal photons are stored in the long-lived Rydberg
state. Under ideal conditions the phase imprinted into
the atomic medium during the storage process means
that, upon increasing the control field intensity, the re-
trieved field is emitted into a well-defined mode, even
when there is only one stored photon [27, 28].
The experimental process is shown schematically in
figure 1(a). Full details can be found in reference [6].
A signal pulse containing approximately 30 photons is
incident upon a laser-cooled cloud of 87Rb atoms. Elec-
tromagnetically induced transparency is performed with
signal light at 780.2 nm (addressing the 5s 2S1/2(F =
2) → 5p 2P3/2(F = 3) transition), and control light
at 479.8 nm (addressing the 5p 2P3/2(F = 3) →
60s 2S1/2 transition). The signal photons are stored
in the 60s 2S1/2 Rydberg state for a period of approx-
imately 900 ns by lowering the intensity of the control
field. During the storage interval a microwave pulse of
150 ns duration resonantly couples the 60s 2S1/2 state
to the 59p 2P3/2 state. The retrieved light field is de-
tected by a pair of single-photon detectors allowing mea-
surements of the second-order correlation function, g(2).
In addition to correlation measurements, photon count-
ing provides two distinct methods of observing photon-
photon interactions induced by the microwave field. Each
of the methods is discussed in turn below.
First let us consider the storage process alone where
no microwave field is applied to the sample. The strong
van der Waals dipole-dipole interactions between Ry-
dberg atoms lead to the phenomenon of dipole block-
ade [29], where only a single Rydberg excitation is al-
lowed within a region known as the blockade sphere.
Each Rydberg excitation is delocalised over all the atoms
in the corresponding blockade sphere. In our system
the radius of the blockaded region, Ro, is determined
by the EIT linewidth, ∆EIT. The blockade radius is
given by Ro = (C6/~∆EIT)1/6, where C6 is the van
der Waals coefficient. For the 60s 2S1/2 Rydberg state
used in the experiments described in this paper, and for
∆EIT/2pi = 1 MHz, Ro ≈ 7 µm. The effect of dipole
blockade is to spatially localise each Rydberg polariton
over the correlation length Ro, as illustrated in figure
1(a). Due to the finite size of our atomic sample, the
blockade radius Ro determines the maximum number of
polaritons that can be written into the medium. Since
the width of the medium is smaller than Ro, the sys-
tem is effectively one-dimensional. Figure 1(b) shows
a measurement of the photon statistics of the retrieved
field, giving g(2)(0) = 0.62 ± 0.06. The anti-bunching of
the retrieved signal is a signature of dipole blockade. In
addition to dipole blockade, dephasing of the polaritons
due to short-ranged van der Waals interactions has been
shown to play a role in their spatial correlations [30].
Longer range interactions between the polaritons can
be induced by coupling them to neighboring Rydberg
states with opposite parity. The microwave field which is
applied during the storage interval causes the polaritons
to interact via longer range resonant dipole-dipole inter-
actions. This introduces a second blockade scale [15, 16],
denoted Rµ, that is dependent on the Rabi frequency
of the microwaves, Ωµ, i.e. Rµ = (C3/~Ωµ)1/3, where
C3 is the resonant dipole-dipole interaction coefficient.
If two polaritons are separated by a distance comparable
to Rµ, then the strong dipole-dipole interactions result in
dephasing of the polaritons [17] through resonant energy
exchange [31, 32]. This destroys the directionality of the
read-out and therefore suppresses the retrieved photon
signal.
It has been proposed that the effects of dephasing
should also be manifest in the photon statistics of the
retrieved field [17, 20], since the retrieval of states with
more than one photon is suppressed. This relies on
the emission of multiple photon states being outside the
phase-matched mode defined by the signal field. It is
important to note that the number of polaritons written
into the sample is probabilistic (EIT and photon storage
are coherent processes, so we would expect a superpo-
sition of polariton number states [17]; however, for sim-
plicity we will assume a statistical mixture in this expla-
nation because the two situations will give the same re-
sults in our experiments). We operate in a regime where
the medium is not saturated with Rydberg excitations.
The signal field is in a coherent state and therefore the
number of polaritons should follow a Poisson distribution
(which is truncated due to dipole blockade). Dephasing
can only occur when multiple polaritons are written into
the sample. In some experimental realisations only one
polariton will be formed. In these cases no interaction
induced dephasing can occur, and a single photon should
be retrieved. If the dephasing process is effective in de-
stroying the directionality of the read-out, there should
be an excess of single photons retrieved relative to multi-
photon retrievals. As shown in figure 1(c), after apply-
ing a 2pi microwave pulse the value of g(2)(0) decreases
dramatically, with g(2)(0) = 0.32 ± 0.18. The enhanced
anti-bunching of the retrieved field suggests that single
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FIG. 2. (Color online) Photon number dependent group delay. (a) The variation of g(2)(0) depending on the sampling window
of the retrieved pulse. The width of the sampling window is varied, fixing one end at the trailing edge (red circles) or the leading
edge (blue squares) of the retrieved pulse. The insets show the retrieved pulse shape with the corresponding sampling window
highlighted. Each inset corresponds to the adjacent hollowed data point. No microwave coupling has been applied in this case.
The variation of g(2)(0) suggests that the group delay of the retrieved pulse depends on the photon number. (b) The retrieved
pulse shapes for the case where no microwave coupling is applied (blue, upper curve), and after microwave coupling (red, lower
curve). The amplitude of the pulses are scaled in terms of the average number of photons retrieved per store-and-retrieve cycle,
n¯ret. After microwave coupling there is a suppression in the amplitude of the retrieved field due to dephasing of multi-polariton
states. However, there is a large degree of overlap of the pulses in their trailing edges (purple area). This corresponds to the
region where the single photon mode (corresponding to a single polariton) should dominate. The overlap in the trailing edges
is shown more clearly in the inset. Here ∆n¯ret is the difference between the two retrieved pulses, normalised by the case of no
microwave coupling. A larger (40 ns) bin width has been used to calculate the normalised pulse difference in order to improve
the counting statistics.
Rydberg excitations are preferentially retrieved from the
sample due to interaction-induced dephasing of the po-
laritons. The microwave field therefore provides external
control of the optical photon-photon interaction. Opti-
misation of the anti-bunching should be possible through
a more careful choice of the microwave pulse parameters,
or using a more complex pulse sequence. Note, though,
that theory predicts g(2)(0) = 0 (complete dephasing of
multiple Rydberg excitations) only in the limit of long
dephasing times [17]. The measurement of g(2)(0) after
applying a 2pi microwave pulse was only made possible
subsequent to the publication of reference [6]. Interfer-
ence filters were used to reduce the background light sig-
nal (i.e the signal obtained without any atoms), and in
addition values of g(2) were background corrected using
the measured signal to noise ratio [24]. The extinction
of the control field was also improved, leading to an in-
creased storage signal. These changes meant that smaller
retrieved signals could be measured.
For the g(2) measurements described above the entire
retrieved pulse was binned, ignoring any variation within
the pulse. However, since the polaritons must be spa-
tially separated in the cloud by a distance R ≥ Ro [33],
one may expect this to be evident in the temporal photon
correlations within each retrieved pulse [34]. To exam-
ine this, g(2)(0) is calculated for different regions of the
retrieved pulse as shown in figure 2(a). Note that no
microwave coupling has been applied in this case. Ex-
amples of the analysis windows over which the retrieved
pulse is studied are shown. All photon counts outside
the highlighted analysis windows are ignored. The width
of the windows is varied, starting from one edge of the
pulse and moving towards the other edge. The window-
ing process is considered starting from both sides of the
pulse, shown by the separate blue and red data points.
It can be seen that the variation of g(2)(0) is strongly
asymmetric with respect to the direction over which the
analysis window is scanned. When fixing one end of the
analysis window at the trailing edge of the retrieved pulse
(red circles), the variation of g(2)(0) exhibits a step-like
structure, decreasing quickly as the width of the analysis
window is reduced. However, when fixing the analysis
window at the leading edge of the pulse (blue squares),
g(2)(0) remains roughly constant before increasing for
small window widths. To gain some insight into the ori-
gin of the observed variation in g(2)(0) we consider the
effect of dipole blockade on the group delay of the sig-
nal light. Due to the collective nature of the Rydberg
excitations, modes with different photon numbers will
experience different group delays. The dependence on
4photon number arises because the optical depth experi-
enced by each photon depends on the number of photons
in the medium. A single photon which collectively ex-
cites N atoms experiences an optical depth, and therefore
a group index, which is enhanced by a factor of N com-
pared to absorption by a single atom. However when two
Rydberg polaritons are created they must be separated
during propagation by a distance Ro, and therefore each
photon collectively excites a smaller number of atoms, of
order N/2. Consequently the enhancement of the optical
depth is reduced. Each mode of a propagating light field
in a mixed state of photon numbers will propagate with a
different group velocity. The observed variation in g(2)(0)
across the retrieved pulse is consistent with modes which
are temporally separated due to their different group ve-
locities.
It would be interesting to perform the same analysis
shown in figure 2(a) for the case where a microwave pulse
is applied during the storage interval. Unfortunately
this was not possible in the current experiment due to
the lower photon count rates which naturally accompany
the stronger suppression of g(2)(0). The detected photon
count rate is reduced by around a factor of 3 after apply-
ing a 2pi microwave pulse, giving around 0.003 photons
per store-and-retrieve cycle on average (approximately 1
photon per second given the repetition rate of the ex-
periment). As an alternative diagnostic, in figure 2(b)
we compare the shape of the retrieved pulse obtained
with and without microwave coupling. Despite the fact
that the pulse retrieved after microwave coupling has an
amplitude which is roughly half that of the case where
no microwave coupling is applied, the two pulses have
a large degree of overlap in their trailing edges (purple
highlighted region). It is the trailing edge of the pulse
where the single-photon modes should dominate, since
these should propagate most slowly through the medium.
The data thus provides further evidence that the mi-
crowaves only cause dephasing when multiple polaritons
are written into the sample, as the single-photon mode is
not suppressed. In addition, the pulse shapes are consis-
tent with the hypothesis that modes containing different
photon numbers propagate at different speeds through
the medium. This is highlighted in the inset of figure
2(b), which shows the normalised difference between the
two pulses. At short times, where modes containing mul-
tiple photons should dominate, the difference between the
two pulses is greatest since the microwave field causes de-
phasing of these modes. At longer times the difference
steadily decreases suggesting that the photon number of
the contributing modes is also decreasing.
The dephasing mechanism is also validated by the form
of the Rabi oscillations of the polariton state between the
microwave coupled levels. The Rabi oscillations, shown
in figure 3, have a strong many-body character. The
microwaves excite Dicke states of N polaritons, result-
ing in Rabi oscillations in the retrieval probability of the
form, P = [cos2(Ωµt/2)]
N . The oscillations have this
form since the N -particle Rabi oscillations couple to a
FIG. 3. (Color online) Collective read-out of polariton fields
containing different photon numbers. (a) Rabi oscillations of
the collective N -polariton state between microwave-coupled
Rydberg levels are mapped out by varying the microwave
Rabi frequency, Ωµ, for fixed time t = 150 ns. The re-
trieved photon signal (small filled symbols) is normalised to
the case where no microwave coupling is applied. The function
P = [cos2(Ωµt/2)]
N is fit to the data, where each peak of the
oscillation is fit individually over a region defined by a sliding
window. The colour and shape of the small symbols indicate
regions of data that are used together for a fit; some data
points take part in more than one fit, shown by overlapped
symbols. The solid curves show the fits to the correspond-
ing data regions, with all parameters (vertical offset, vertical
scale, frequency, phase, and N ) independently fitted for each
region. A portion of these data were previously published as
figure 3(b) in [6], though fitting with variable N is new to this
paper. (b, Inset) Large hollow symbols: The variation of the
fit parameter N across the Rabi oscillations. In the regime
where Ωµ < Vdd, N approaches one suggesting that only a
single polariton survives.
single optical read-out mode. Resonant dipole-dipole in-
teractions during the period of microwave coupling can
have a dramatic effect on the dynamics of the system.
For strong microwave fields where Rµ < Ro, the dipole-
dipole interactions are weak compared to the microwave
driving. High amplitude Rabi oscillations can therefore
be observed in this regime. However, for weak microwave
fields where Rµ > Ro the resonant dipole-dipole interac-
tions dominate the microwave driving. Dephasing of the
polaritons results in a suppression of the retrieved signal.
To see whether the dephasing is reflected in the collective
read-out of the polaritons, the value of N is studied for
different ranges of Ωµ. Each peak of the Rabi oscillations
is fit individually over a range defined by a sliding win-
dow to extract a value of N . It can be seen in the inset to
figure 3 that, over the range considered, N increases with
Ωµ. The first Rabi oscillation gives a value of N close
5to 1, supporting the theory that only single polariton
modes are retrieved in the strong dephasing regime. As
Ωµ is increased the dephasing of the polaritons is reduced
and N increases. The value of N obtained in the regime
of strong microwave driving should therefore eventually
saturate at a value which reflects the mean number of
polaritons in the sample. This saturation is consistent
with a regime where the time scale of the dephasing is
slow compared to the microwave driving [35].
In conclusion, we have built on our previous work
[6] by demonstrating that microwave-induced resonant
dipole-dipole interactions destroy the phase-matched
read-out of multiple photons from a cold atomic cloud.
Single-photon states however remain unaffected, as pre-
dicted theoretically (qualitatively) in reference [17] (un-
fortunately the quantitative predictions are not directly
comparable, since they assume the initial storage is
unblockaded, and then use a microwave Ramsey sequence
instead of a single pulse). This provides a new tool of us-
ing microwave fields to assist the creation of controllable
non-classical photon states, and is further evidence that
Rydberg atoms are suitable for mediating photon-photon
interactions in a multi-qubit quantum logic gate, and to
provide an interface between the optical and microwave
domains [36].
An open question is to whether the spectral properties
of single photons produced using this method are suit-
able for their use in quantum logic gates. Analysis of
the coherence of the retrieved photon signal, for exam-
ple using homodyne detection [37, 38], will be the focus
of future work. In addition, the observed dependence
of the group delay on the photon number propagating
inside the medium also has potential applications in the
generation of Fock states. Although the temporal separa-
tion of these states is limited in the current setup by the
low optical depth of the medium (OD≈ 1), much higher
optical depths are possible [5]. An interesting direction
for future work would be to correlate the observed pho-
ton statistics with spatially resolved measurements of the
Rydberg polaritons [39–41]. It may also be possible to
tailor the shape of the photon modes so that they can be
more clearly resolved [42].
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